the distribution of adsorbed ions and the thickness of the soil solution, which is calculated from diffuse
T he presence of solutes in soil-pore water creates were added to columns of unsaturated soil, demonstraan osmotic potential. Gradients in osmotic pressure ting significant water transport from unsaturated saltcan induce significant flow of water in these soils under free soil towards unsaturated salinized soil. Relationconditions of high solute concentrations and low water ships between added salts and the moisture of soils in content. This has been verified experimentally by a numcolumn experiments were investigated using salinized ber of researchers (Wheeting, 1925; Letey et al., 1969;  soil separated from solute-free soil by an air gap. In one Raats, 1969; Scotter and Raats, 1970; Scotter, 1974a;  set of experiments, soil columns were set up such that Nassar and Horton, 1989a; Nassar et al., 1992b ; Kelly a 50.8-mm length soil was treated with a 1% (wt./wt.) et al ., 1997; and Kelly, 1998) . For osmotic water transsalt solution to a constant initial water content and a port to occur in soils, a semipermeable membrane is 152.4-mm length of soil was wet to the same initial required where ions are excluded yet water can cross constant water content but without the salt. The initial freely. Osmotic potentials can give rise to variations in water content and solute concentrations of the columns fluid pressure in the presence of such a semipermeable are provided in Table 1 . Four treatments were tested membrane. This is most commonly seen across plant using two soils with different textures (medium sand or cell walls, which excludes certain ions and allows water clay loam) and two salts (KCl or Na 2 CO 3 ). The two soil to move freely across the membrane (Nobel, 1983) .
sections were then arranged in the column such that a Two mechanisms are identified in the literature where 12.7-mm space existed between them. The columns were an osmotic gradient because of varying solute concenleft at 18ЊC and determinations of water content in 25.4-trations in soil can cause water to move in either liquid mm sections were made after intervals of 5 and 15 d. or vapor phase.
It was observed that water had moved rapidly from the 1. Liquid-water transport can occur when anions are solute-free soil towards the side of the column with excluded from negatively charged soil particles, salinized soil ( Fig. 1 and 2 ). The rate of water-vapor which act as a semipermeable membrane. The retransport was slower in the clay loam treatments as sulting driving force because of the osmotic prescompared with the medium sand treatments of the same sure is quantified with an osmotic efficiency coeffisalt. After 15 d, nearly twice the quantity of water was cient expressed as a function of solute concentration transported in both the KCl treatments as compared and soil water content (Kemper and Rollins, 1966) .
with the Na 2 CO 3 treatments of the same soil texture The osmotic efficiency coefficient is a function of ( Fig. 3 and 4) . Wheeting (1925) concluded that watervapor transport was dependent on both soil texture, salt Scotter (1974b) author (shaun@orst.edu).
and Kelly et al. (1997) . The objective of this paper is to increase understand- 
Model Development
of an aqueous solution, N w . In the section below, we derive the set of governing differential equations describing simultaneous movement of water in
the vapor and liquid phase and consequent transport of ions in unsaturated porous media. The equations are developed Where P Њ w is the pressure of pure water, P w is the vapor pressure in one-dimension, assuming isothermal conditions. It is also of the solution. The term, N w , can also be calculated from the assumed that movement of water in both the vapor and the following equation: liquid phase are first-order phenomena described by Fickian diffusion (Jackson, 1964 ) and Darcy's law, as follows:
Where n j is the number of moles of component j. The water potential because of the presence of solutes, ⌿ s (MPa), can
then be calculated from the Van't Hoff relation (Nobel, 1983) .
where x is the spatial coordinate, q w is the total water flux, ql w is the liquid-water flux, and q the solute, c j (mol m Ϫ3 ). In this case, Eq.
[7] can be reduced ute of interest. Tabular data of molality and osmotic coefficients for a number of solutes are presented in Robinson and to (Nobel, 1983) . Stokes (1959) .
Alternatively, one can calculate the osmotic coefficient for many solutes over a wide range of concentrations using a semiEquation ␤ 0 (kg mol Ϫ1 ), ␤ 1 (kg mol Ϫ1 ) and C φ (kg 2 mol Ϫ2 ) are parameters specific to each electrolyte (Zemaitis et al., 1986) ,
and 2:1 electrolytes is 2.0 kg 1/2 mol Ϫ1/2 , B is 1.2 kg 1/2 mol Ϫ1/2 for all electrolytes, and m 2 is the molality of the electrolyte with units of (mol kg Ϫ1 ) (equivalent to the ionic strength). The Where a w is the activity of water, v i is the stoichiometric numosmotic Debye-Hü ckel coefficient, A m (kg 1/2 mol Ϫ1/2 ) is comber of the solute, m i is the molality (mol kg Ϫ1 ), M w is the molecular weight of water (mol kg Ϫ1 ) and i indicates the solputed as follows: for temperature effects on the activity coefficient, Pitzer sug-
[11]
gested corrections be made through the relative permittivity of water, the density of water, and the temperature in the where N 0 is Avagodro's number (mol Ϫ1 ), w is the density of Debye-Hü ckel coefficient (Zemaitis et al., 1986) . The activity pure water (kg m Ϫ3 ), T is the absolute temperature (K), ε 0 is coefficient for multicomponent mixtures of salts may also be the permittivity of a vacuum [C 2 (N Ϫ1 m Ϫ2 ) Ϫ1 ], ε r is the relative calculated using Pitzer's method which is outlined in Zemaitis permittivity water at T [unitless], k is Boltzmann 's constant et al. (1986) . (J K Ϫ1 ), and e is the elementary charge (C). Once the activity of the water in solution is known, it is possible to calculate Transport Equations the osmotic potential of the soil water solution using the Kelvin For both liquid and vapor, the governing equations have equation (Alberty, 1987) , similar form. We will derive these results applicable for either phase. From Eq.
[1] or [2] the mass movement is governed by:
At low molalities, most solutions behave ideally and follow Raoult's law, while significant deviations often occur at higher molalities. The shape of the osmotic potential vs. solution
Where K (length time Ϫ1 ) is a general first-order coefficient and q is a flux (mass length Ϫ2 time Ϫ1 ). Applying mass conservation molality is strongly dependent on the ionic species under consideration, which is accounted for by using Eq.
[10]. To account principles at a point, one obtains the following equation: 
Where ⌿ g is the gravitational potential, and ⌿ p represents Where m is the mass and m · (mass length Ϫ2 time
Ϫ1
) is the mass external pressure potentials applied, which is equal to zero source and sink term. Substituting Eq. [13] into Eq. [14] we everywhere in this system. The term, ⌿ , is the matric potential obtain the following equation:
and can be related in an approximate form to the volumetric water content of the soil using a soil water retention function
such as provided by van Genuchten (1980 Where g is the gravitational constant (m s Ϫ2 ), ␣ is the inverse air entry pressure (m Ϫ1 ), is the soil water content (m 3 m Ϫ3 ),
r is the residual soil water content (m 3 m Ϫ3 ), s is the saturated soil water content (m 3 m Ϫ3 ), n is a dimensionless fitting parameWhere m l is the mass of the liquid and m · l is a source or sink ter and m ϭ 1 Ϫ 1/n. By substituting Eq.
[17] into Eq.
[16], term. The source or sink term is used to couple the mass the liquid water mass transport equation then becomes. transfer of water between the gas phase and the liquid phase, which assumes that the thermodynamic equilibrium occurs
much more rapidly than the transport processes. The potential term driving the liquid mass flow, ⌿ l , is composed of several individual potentials that can be calculated at any point in Vapor Transport the flow field. Neglecting the effect of anion exclusion as previously noted, osmotic potential, ⌿ s , does not contribute to Similarly, Eq.
[15] can be written for vapor mass transport.
Where 0 is the volumetric water content of the saline section, 1 is the volumetric water content of the salt-free section and K v is the water vapor diffusion coefficient (Nobel, 1983) in the airspace (dx ϭ 12.7 mm), between the sections. The water vapor density in the salinized segment, p v ( 0 ), and the salt-free segment, p v ( 1 ) is calculated using the method described in the section above. We solved Eq.
[23] numerically using the RungeKutta method as implemented in standard procedures provided in Mathcad PLUS 6.0 (Mathsoft Inc., Cambridge, MA). The initial water content and molalities of the saline and salt-free sections used in the model were calculated from the data of Wheeting and shown in Table 1 . Other than the textural classification of the soils used by Wheeting, no other soil properties were given. The soil water properties were initially estimated using other soils with similar textural classifications for which the parameters in Eq.
[18] were known. These initial pa- mates in the model to subjectively achieve the best fit results shown in Fig. 3 and 4 . The same soil parameters were used for both salt treatments in the same soil (Table 1 ). All other parameters are physically based, depending on the particular
salt and temperature, are summarized in Table 1 .
Where m v is the mass of vapor, and m · v is a source or sink
DISCUSSION
term for the water vapor. The potential term driving the vapor phase flow is the vapor pressure of water, which varies with
The modeling and observed cumulative water transtemperature, osmotic potential and the matric potential. The port, shown in Fig. 3 
[21] Na 2 CO 3 , medium sand treatment at 15 d (Fig. 3b) . This may be attributed to the noninstantaneous redistribu- We consider the transport of water vapor across the 12.7-mm transport rates than observed by Wheeting.
air space between the saline and nonsaline sections, assuming Sodium carbonate caused less water vapor to be transthat redistribution in the soil is instantaneous. This assumption ported across the interface initially than the KCl in the is supported by the data from Wheeting's experiments, which show nearly uniform water content throughout each side of medium sand (Fig. 3) . The initial concentration of KCl the column except for the Na 2 CO 3 medium sand treatment at in the sand was greater than the initial concentration 15 d ( Fig. 1 and 2 ). It is also noted that the air gap provides of Na 2 CO 3 (Table 1 ) consistent with the higher solubility a mechanism whereby water can be transported in the vapor of the KCl. Even though the Na 2 CO 3 produces a slightly phase only. To form our solution for the broken column data, larger water vapor deficit than KCl at equal molalities, we can simplify Eq.
[19] and [20] for the saline section (subthe increased solubility of the KCl allowed a greater vapor script 0) and the salt-free section (subscript 1) as follows.
deficit than the Na 2 CO 3 experiment column (Fig. 5) . Soil texture affected the rate of water-vapor transport
because of the different matric potentials that could be developed in the soils (Fig. 3 and 4) . This is masked
Under these assumptions the flux of water vapor between the somewhat because of the different initial water contents two sections is described by the following equation.
of the medium sand and the clay loam soils. Because salt was added to the columns on a dry weight basis,
more dilution occurred with the clay loam columns as cant water vapor transport can occur across an air gap in the presence of salts and presents a method to account for the differences observed between different salts. A complete model to describe the phenomena in continuous soil media without the presence of an air gap would need to include liquid and vapor water transport in the soil media, as well as, account for diffusion and convection of the solute in the liquid phase. Further development of the proposed model and testing against a larger data set using a more complete soil water model which includes coupled water and solute transport model would be useful to understanding the process and assess the relative significance of osmotically driven water vapor transport in unsaturated soils. properties as shown in Table 1 Nonetheless, large gaps exist in the published data.
and common models for and C.
For example, we were unable to find a single study reporting any thermal property as a function of air-filled porosity, although some scientists have noted the strong influence of air-filled porosity on thermal conductivity S cientists recognized the importance of soil thermal (Bilskie, 1994, p. 45; Campbell and Norman, 1998 , p. properties as early as the 19th century (Forbes, 123) . We were also unable to find any study where two 1849). Thermal properties of soil influence the partiof the thermal properties were measured over a range tioning of energy at the ground surface, and are related of and v s for a given soil. (Note that when any two to soil temperature and the transfer of heat and water thermal properties are measured the third can be obacross the ground surface. For these reasons, soil physitained by the definition ␣ ϭ /C.) Ghuman and Lal cists, crop scientists, biologists, and micrometeorologists (1985) and Bilskie (1994) did measure two thermal propstudy thermal properties. These properties are also imerties for a total of six soils over a range of water conportant in engineering applications. For example, the tents, but the bulk density was held constant for each electric current rating for buried cables depends on the soil. Kersten (1949) measured and specific heat, c s , thermal conductivity of the surrounding soil, as does and reported c s as a function of temperature. Other the efficiency of heat pump systems. Scientists have researchers have used the fact that the heat capacity long known that soil thermal properties are strongly of a soil is the sum of the heat capacities of the soil influenced by the , v s , and n a in the soil (Patten, 1909) .
constituents to estimate C. This estimate is usually based These volume fractions are highly variable in time and on assumed values for the specific heat of the soil minspace, particularly near the soil surface. A clear undereral and organic particles. From this estimate of C, and standing of how these variations affect thermal propera measurement of either or ␣, the remaining thermal ties is needed, yet relatively few sets of measured data property is estimated (Kolyasev and Gupalo, 1958; Nakhave been published. shabandi and Kohnke, 1965) . Based on our assessment Several researchers have measured the relationships of existing data, we believe that further studies of soil between soil water content, bulk density, and soil therthermal properties and their relationships to volume mal properties. Table 1 summarizes some of the pubfractions are needed. lished studies in which thermal properties of soil were Bristow et al. (1994) presented the first technique measured. These studies are representative of the pubcapable of simultaneously measuring all three soil therlished research on soil thermal properties and volume mal properties. Their simple and accurate heat-pulse
